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The role of epithelial-stromal interactions in the progres-
sion of human papillomavirus-associated squamous 
intraepitheliallesions to invasive cervical cancer is poorly 
understood. Using the Matrigel artificial basement mem-
brane assay as a n1odel of keratinocyte invasion, the 
effects of selected growth factors on penetration ofhuman 
papillomavirus 16-irnmortalized keratinocytes through 
Matrigel were studied. Also studied in this model were 
the effects of conditioned media from fibroblast lines 
derived from normal cervical tissues (normal fibroblasts) 
and adjacent cervical cancer biopsies (tumor-associated 
fibroblasts) and from primary keratinocytes. Addition 
of basic fibroblast growth factor, transforming growth 
factor-a:, and hepatocyte growth factor/scatter factor or 
conditioned media from tumor-associated fibroblasts to 
the Matrigel resulted in near-doubling of penetration of 
human papillomavirus 16-immortalized keratinocytes, 
whereas transforming growth factor-~, platelet derived 
growth factor-B, or conditioned media from primary 
keratinocytes decreased penetration 10-fold. Antibodies 
I n 1994, an estimated 15,000 women in the United States were diagnosed with invasive cervical cancer, and an estimated 55,000 women were diagnosed with its precursor, high grade squamous intraepitheliallesion (HS IL) . Approximately 4600 women died from this disease in 1994 despite remarkable progress made in 
screening (Boring et a/, 1994). Cervical can cer is a maj or ca use of 
morbidity and mortality in the developing world as well . 
Human papillomavirus (HPV), especially HPV 16, has been strongly 
implicated in the pathogenesis of both invasive cervical cancer and 
HSIL (Hawley eta/, 1989; Munger et a/, 1989; Wemess eta/, 1990; 
Scheffi1er et a/, 1990; Halbert et a/, 1991). Most cases of HSIL require 
many years to progress to invasive cancer (zur Hausen, 1989), and 
many do not progress at all. Although many of the mechanisms by 
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buB:e red saline; PDGF, platelet derived growth f.1 ctor; SDS, sodium dodecyl 
mlfate; SSC, sodium citrate/ chloride buffer; TG F-a, transfornling growth 
factor-a; TGF-p, transfonning growth f.1c tor-P. 
to basic fibroblast growth factor abrogated the stimula-
tory effects of conditioned tnedia from tutnor-associated 
fibroblasts on keratinocyte penetration, whereas anti-
bodies to transforming growth factor-~ abrogated the 
inhibitory effects of conditioned media from normal 
fibroblasts on keratinocyte penetration. S1 nuclease pro-
tection and enzyme-linked immunosorbent assay showed 
increased expression of transforming growth factor-~ and 
decreased expression of basic fibroblast growth factor 
in normal cotnpared with tutnor- associated fibroblasts. 
Messenger RNA in situ hybridization of five cervical 
cancer biopsies detnonstrated basic fibroblast growth 
factor expression in stromal cells surrounding nests of 
invading keratinocytes. Epithelial-stromal interactions 
mediated by growth factors such as transforming growth 
factor-~ and basic fibroblast growth factor modulate 
penetration of human papillomavirus 16-immortalized 
keratinocytes through Matrigel in 11itro and these inter-
actions tnay also be operative in vivo. Key words: cervical 
caucerlgrowtll factors/invasion. ] Invest D ermatol 109:619-
625, 1997 
which HPV 16 transfom1s keratinocytes have been characterized, 
including the actions of the HPV E6 and E7 genes (Werness et a/, 
1990; Scheffuer ef a/, 1990; Halbert et a/, 199 1), the mechanisms 
underlying progression of HSIL to invasive cancer remain poorly 
understood. 
Paracone interactions between epithelial and stromal ce lls play 
important negative and positive regulatory roles in the development 
of invasive can cer, as dem.onstrated in breast cancer (Lippman ei a/, 
1986; Cullen and Lippman, 1992). T he conditioned medi :J (C M) of 
embtyonic or transfom1ed fibroblasts were shown to stimulate the 
growth and metastasis of breast cancer, fibrosarcoma , and other 
established cell lines (Picard et a/, 1986; van R oozendaa.l e1 a/, 1992). 
Similarly, th e growth rate of epithelial tumors in atbymic nude 
mice could be increased by transformed, non- transformed , or lethally 
iLTadiated fibroblasts (Camps el a/, 1990). In some cancers, a "desmoplas-
tic" response may be seen in which inv~s i ve cancer ce lls are surrounded 
by a highly fi brous stroma composed of fibroblasts aJ1d extracellular 
matri.x (Hewitt et a/, 1993). The desmoplastic response m:Jy both 
inhihit and favor tumor progression (Lieubeau et a/, 1994) and may 
modulate tumor progression through secretion of soluble growth factors 
(Zipori , 1990; Zheng eta/, 1995; Z heng and Vah eri , 1995). In teractions 
between epithelial cells may also play a role as shown by stu dies in 
which proliferation of tumor cells w:Js inhibited in the presence of 
adjacent normal cells (Gerschenson e1 al, 1986; Dotto et a/, 1988, 1989). 
Little is known about the role of th e stromal co mpartm ent in the 
pathogenesis of HPV-related cetv ical cancer. 1 n nuny cases of cervical 
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ca ncer, the fibrob lasts surrounding in vading ke ratinocytes have an 
alte red appearance consistent w ith a desmoplastic reaction . T h e role 
of ne ighboring cells in the local enviro nmen t, such as stromal cells 
and adjacent keratinocytes, in th e path ogenesis of cervical ca ncer is 
unknown, as is the role of growth factors secre ted b y these cells. 
In the present study, we sought to characterize epith elial and stromal 
growth factors that m ay play a rol.e in progression from HPV 16-
associated HSIL to invasive cancer, and fo r this purpose we employed 
t he ir•r vitm Matrigel basement n>em.brane m odel. T his model has been 
used to study the in vasive ph enotype in cells such as trophoblasts 
(Librac h eta/, 199 1), lung and breast carc inomas (Ten:anova eta/, l986 ; 
Noel eta!, 1993), and 1-IPV 16-transform.ed ke ratinocytes (Turne r a.nd 
Palefsky, 1995) . W e first investigated th e rol e of specific growth 
fa ctors in stimulating or inhibiting pene tration ofH.PV 16-transformed 
k e ratinocytes th ro ug h M atrigel m embranes. W e then compared th e 
effects o n penetration by C M from two pt:imary fibroblast lines: one 
from. a clinically normal part of the cervix of a patient with cervical 
cancer (n omnl fibroblasts) and anothe r from a portion of the cervical 
cancer biopsy ftlled with nests of invading keratinocy tes (tumor-
associated fibrob lasts) from the sam e patient. C M from a primary 
foreskin kera tinocyte line and th e same lin e transform ed by HPV 16 
were also compared. W e then characterized £1ctors secreted by these 
lines and, finally, we sought to extend som e of these findin gs to cervical 
cancer tissu es in vivo. 
MATER.IALS AND METHODS 
Establishment of primary cultures ofkeratinocytcs To generate primary 
keratinocyte cell lines, neonatal foreskins were rinsed in phosphate-buffeted 
sa line (PBS) containi ng anti- microbials (7 .5 ).lg fungizone per ml and 150 ).lg 
gentam.icin per ml) and then in plain PBS. Foreskins were placed in a 0.1% 
collage nase so lution (Sigma, St. Louis, MO) overnight at 4°C. T he tissues were 
rinsed btiefl y in PBS, then placed in a steril e petri dish. Epidennallayers were 
separated from derma l layers and each was placed in a separate dish that 
contained 2 ml of trypsin (0 .05%). Tbe ti ssues were minced, then neutrali zed 
w ith 3 ml of25 mg soybean tty psin inhibito r per ml (Sigma) or 3 ml Dulbccco's 
modified Eagle's media with 10% fetal calf serum (10% DME M). Cells were 
pipetted into separate tubes, centrifuged, and the media aspirated. Ep ithelial 
ceUs were resuspended in keratinocyte growth media (KGM) (C ioneti cs, San 
Diego, C A) and we re incubated at 37°C in a 5% C02 incubator. Media were 
changed every other day until colonies appeared. Cells were passaged prior to 
becoming conAuent (40-60%) and either passage 3 or passage 4 of primaty 
keratinocytes was used for all subsequent experiments. 
Establishment of HPV 16-immortaHzed kcratinocyte ceU lines To 
establish an HPV "1 6-immortalized keratinocyte line, the primaty foreski n 
keratinocytes described above were transfected with whole genomic HJ>V 16 
DNA. To ensure that foreskin keratinocyte cell lines did not contain H.PV 
DNA prior to transfection, each cell line was assayed by polymerase chain 
rea.crio n to affin11 the absence of HPV DNA .. HPV "16 DNA transfection was 
performed using calcium phosphate precipitation. BrieRy, 3 "1 ).ll of 2 M CaCI2 
were added to 12 ]..lg HPV 16 DNA and 500 ).lJ water, followed by addition 
of 250 ).ll of 2 X 1-lBSP (1.5 mM Na21-1P04, 10 m.M KC I, 280 mM NaC I, 
50 mM 1-lEPES, pl-1 7). T he precipitate was added to the cells, incubated at 
37°C for 4 h , and the cells were washed several times in KGM . After 48 It , 
the cells were incubated in KGM w ith 1% feta.l calf serum and 0. 5% CaCiz. 
The media were changed evety 2 d unti l colon ies resistant to serum and calciu111 
appea red. The resistant co lonies were pooled and plated in separate dishes. 
After the first passage, a portion of the cells were harvested and studied by 
Southern blot analysis to con finn the presence ofl-lPV 16 DNA . All experiments 
were performed with cells from passages 20--30. 
Establishment of primary cultures of fibroblasts To generate primary 
fibrob last cell Lines, two different matching biopsies fi:om two difl:erent patients 
consisting of normal cervi cal tissue and adjacent cervical cancer tissue were 
rinsed in PBS conta ining anti -fungal and anti-microbial agents (7.5 ).lg fungizone 
per ml and 150 !lg gentamicin per nJ.!). Biopsies were placed in 0.1% collagenase 
so lution overnight at 4°C. The tissues were rinsed briefl y in PBS, then placed 
in a sterile petri dish . Dermal layers were separated from epidermal layers and 
placed in a separate dish of trypsin (2 rnl). The dermis was minced and 
neutralized w ith media containing serum and cal cium. Cells were pi petted into 
sep;u ate tubes and centrifuged and the media were asp irated. Fibroblasts were 
resuspended in 10% DMEM and were incubated at 37°C in a 5% C02 
incubator. Media were changed every other day until co lonies appeared. 
Fibroblasts derived from normal tissue were designated "normal fibrob lasts" and 
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fibrob lasts derived from adjacent cance r tissue we re designa ted "tumor- assoc ia ted 
fibroblasts ." Each fibroblast line was separ.:ttely grow n in tissue culture for up 
to 10 passages. A11 experiments were performed with cells from passages 5-"1 0. 
These cells exhibited fibrob last-like mo rphology w hen observed by light 
m.i croscopy and were res istant to se[Uill ~u1d cakiun1 in tissue culture nH!dia. 
To confirm that the cells were fibrob lasts, they were also examined for keratin 
staining using immunocytochemistry. ·whereas the keratinocy tes demonstrated 
positive sta ining patterns for keratin , the fibrob lasts did not show any staining. 
Each experiment was perfom1ed w ith both ma tching sets o f fibroblasts. 
Penetration assays To study penetration of primaty, HPV nega tive, and 
HPV 16-immo rtalized keratinocytes through an artificial basement membrane, 
we employed the Matrigel basement membrane model (Turner and Palefsky, 
1995). Briefl y, 2 X 105 cells were plated onto filters coated with growth f.1cto r-
reduced Matrigel in 200 ).ll ofKGM or KGM with 1% fetal calf serum. Growth 
f.1cto r- reduced Matrigel (Collabora tive B iomedical Products/Becton Dickinson, 
Bedford, MA) is a reconstituted basement membrane preparation that contains 
a reduced level of several growth f.1cto rs IEGF, < 0.5 pg per nu ; IGF-1 , 5 ng 
per ml; platelet detived growth f.1ctor (PDGF), < 5 pg per nt.l; and transforming 
growth f.1cto r-~ (TGF-~) , 1.8 ng per ml] when compared w ith standard 
Matrigcl preparations (EGF, 0.5-"1.3 ng per m.l ; IG F- 1, 15.6 ng per ml ; PDGF, 
"12 pg per ml; and TGF-~ , 2.3 ng per ml) and has 40-50% less heparan sul f.1te 
proteoglycans. Additionally, the Matrigel used in these experiments was screened 
for and shown to be free of contaminating proteinases by substrate gel analysis. 
Penetration experiments were performed by first growing the prima1y and the 
l-IPV 1. 6-immo rtaJi zed cel.ls in petri dishes to nea r-confluence and then 
seeding them onto Matrigel membranes. The duration of the expetiments was 
determined by choos ing a time less than the doubling time of the cells (vide 
infra). The cel.ls on the underside of the membrane we re then counted. 
Keratinocyte proliferation rates may affect the res ul ts of the experiments 
because cel.l division on the underside of the membrane after penetration may 
res ult in an artificially high estimate of penetration. T herefore, the doubling 
time of each of the cell lines was determined. Briefly, prio r to initiating the 
experiment, keratinocytes were counted by hemocytometer and then plated in 
tripli ca te. Triplica te sa mples we re tty psini.zed, counted, and averaged eve ry 1.2 h 
for 72 h . The doubling time of the prinwy keratinocytes (passages 3 and 4) 
was =26 h and the doubling tim e of 1-lPV 16-immortalizcd keratinocy tes 
(passages 20, 25, and 30) was = 18 h. The experiments were tenninated by 
fixing the Matrigel in glutaraldehyde (Dekker eta/, 1991) for electro n rn.i croscopy 
to pe rmi t guantitation of Matrigel penetration as described below. 
Similarly, addition of growth f.1ctors i.r1 some experiments ma y have resu lted 
in differences in proliferation rates . To minimize the impact of different rates 
of cell proliferation in comparing the effect of di.fferent growth factors on 
penetration , each penetration assay was accompanied by a separate proliferation 
assay. Proliferation assays were performed with the same initia l number of cells 
and in the presence or absence of the same concentrations of growth f.1ctors as 
those used in the penetration assays. The penetration and proLiferation assays 
were terminated at the same time. The number of cells reported as having 
penetrated in the penetra ti on assay was then adjusted by the difference in 
percentage proliferation noted in the proliferation assays in the presence or 
absence of the growth fuctor. 
To quantitate penetration in the Matrigel model, five random pho tograp hs 
of the underside of each membrane were taken fi:om all sectors (Turner and 
Palefsky, 1995) . Photographs we re overlaid w ith a grid consisting of points 
fonning equilateral t1~an gl es. The number of cells that overlapped grid points 
we re counted, and the data were expressed as the percentage of grid points 
covered by invasive ceUs. AIJ quantitations were averages of tripli cate assays. 
Differences were analyzed for statistical significa nce using the Student's t test. 
Effect of growth factors on keratinocyte penetration T he effec t of basic 
fibroblast growth f.1ctor (bFGF), transforming growth f.Kto r-a (TGF-a), 
he\)atocyte growth facto r/scatter r:~ctor (HGF/SF), TGF-~ , and PDGF (R.&D 
Minneapolis, MN) on invasion of growth f.1cto r-reduced Matrigel by primary, 
1-IPV-negative, and HPV 16-immortalized keratinocy tes was studied. The effect 
of grow th f.1ctors may vary w ith different concentrations of these f.1ctors. A 
wide range of concentrations (bFGF, 10 pg-5 ).lg per ml; TGF-a, 10 pg-5 !lg 
per ml; HGF/SF, l O pg-5 ~lg per ml; TGF-~, 10 pg-5 J..lg per ml ; and PDGF-
B, 10 pg-5 ).lg per ml) was therefore inco rpo rated into the Matrigel and added 
to the media above and below. Factors th :Jt either increased or decreased 
penetration by 50% o r more of the con trol performed in the absence of the 
f.1ctor were considered stimulato rs or inhibi tors, respectively. 
Growth factors may also affect the rate ofkera tinocyte proli feratio n. Therefore, 
the do ubling time of each of the cell lines was determin ed wi th or without 
10 ng per ml ofbfGF or TGF-~. Triplicate samples were nypsin.ized, counted, 
and averaged at 0, 24, and 48 h. 
Effect of fibroblast and keratinocyte conditioned media on 
penetration To determine the efl:ect of f.Ktors present in the C M of 
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Table I. S1 nuclease protection assays of growth factor mRNA were performed using single-stranded DNA probes to bFGF, 
TGF-a, HGF/SF, TGF-p, PDGF-A, and PDGF-B 
bFGF 5'-AGG GTC GCT CTT CTC CCG GAC CCC GTC AAC TCG CCC GTC GGG .TG GAT GCG CAG GAA GAA CCC C C GTT TTT GCA 
GTA CAG CCG-3' 
TGF-a 5'-CTC CTG CAC CAAAAA CCT GCA GGT TCC ATG GAA GCA GAA CTG ACT GTG GGA ATC TGG GCA GTC ATT AAA ATG GGA 
CAC AC-3' 
HGF/ SF 5'-CCA TCC TAC ATT TGT T G TGT TGG AAT CCC ATT TAC AAC T CG GTC TGC ACT ATT AC TTT TTT GGT TTT TAT CTT 
CAG TGC TGG-3' 
TGF-J3 5'-GTC CTT GCG GAA GTC AAT GTA CAG erG CCG CA G A GCA GTT CTT CTC CGT GA GCT GAA GCA ATA GTT GGT GTC 
CAG GGC-3' 
PDGF-A 5'-GGA CGT GGG GTC GAC CT G ACT CCG AGG AAT CTC GTA AAT GAC CGT CCT GGT CTT GCA GAC AGC GGG GAC AGC 
TTC CT C GAT GCT-3' 
PDGF-B 5'-GAA GTT GGC GTT GGT GCG GTC TAT GAG GCG CCG GGA GAT CTC GM CAC CTC GGT GCG CGT CTT GCA CTC GGC 
GAT CAT GGC CGG-3' 
fibrobbst and keratinocyte cell lines on penetration of primary, HPV-negative, 
and HPV 16-immortali zed keratinocytcs, CM fi-om nonnal fibroblasts, tumor-
associated fibroblasts, and prim01y, HPV- negative keratinocytes were separately 
incorporated into the Matrigel. To obtain fibrob last CM, 'I X 105 fibrob lasts 
were pla ted and aU owed to Mtach in DME M containing I 0% feta l ca lf serum 
for 24 h. T he fibroblas ts were then extensively washed with PBS and all owed 
to condition DMEM without feta l calf serum for an additional 24 h. To obtain 
keratinocyte C M, 1 X 105 keratinocytes were plated and al.l owcd to attach in 
KGM for 24 h. T he kerarinocytes were then e>."tensively washed with PBS and 
allowed to condition keratinocyte basal media (ICBM) for an additional 24 h. 
CM were centrifuged 10 min at "1300 rpm to remove cellular debris and either 
used immediately in invasion assays or stored in aliquots at -20°C. 
Sl nuclease protection analysis of growth factor mRNA expressed in 
cell lines To characte rize the growth £1ctors expressed in the fibrobbst cell 
lines, mRN A was isolated fi·om the lines using the FastT101Ck mRNA isolation 
kit (Invitrogen, San I iego, CA). S1 analysis of mRNA was performed using 
single-stranded DNA anti-sense probes to bFGF, TGF-a, HGF, TGF-J3, PDGF-
A, or PDGF-B (Table 1). As controls, sense probes of these oli gonucleo tides 
were also used. PreparaLi on of the hybridiza tion probe, S l treatment, and 
product analysis were performed according to standard protocols (A usubel 
et nl, 1993). 
Enzyme-linked U111TIUJ1oabsorbent assay (ELISA) quantitation ofgrowd1 
factor proteins expressed in cell lines To characteri ze expression of growth 
f.1cto rs by the cell lines at the protein level , fibrob last and kcra tinocyte CM 
were analyzed using Q uantikine Immunoassay kits (R&D) according to the 
manuf.1cturer 's specifications. The optical densiry at 450 nm was determined 
within 30 min and the data were expressed as picogram of growth £1eto r per 
104 cells. 
mRNA i ll situ hybridization of cervical cancer biopsy tissues mR.NA 
in sif11 hybridization was performed to characteri ze expression of bFGF mR.NA 
in parafrin sections of cervical cancer biopsies fro m five dillercnt patients using 
flu orescein-labeled sense and anti-sense oli gonucleotide probes and the RNA 
color kit (Amersham, Arlington Heights, I L). The tissue sections were deparaf-
fini zed in xylene, rehydr:!ted in graded solu tions of alcohol, washed in PBS, 
and air-dried prior to hybridi za tion. A probe of bovine bFGF (nucleotides 103-
255) was obtained from Dr. Sam Mesiano, Universiry of Califomia, San 
Francisco. Sense (T3/ Cln 1) or anti-sense (T7 I Eco l"U) probe (300-600 ng per 
ml) containing Auorescein-11-UTP was synthesized following manufacture's 
specificatio ns and was added to each section in 25-50 J..ll of prewanned 
hyb1idization buffer. Sections were covered wid1 coverslips and sealed. Hybrid-
iza tions were performed overnight in a humidi fied chamber at 55°C. Slides 
were washed t:\vice at 25°C in 1 X sodium citrate/chloride bufl"er (SSC), 0. 1% 
sodium dodecyl sul £1te (SDS) fo llowed by two washes with 0.2 X SSC, 0. 1% 
SDS at 55°C for 10 min each. T he slides were incubated at 37°C in prewanned 
Il...Nase A (10 j..lg per ml) in 2 X SSC for 20 min, rinsed twice in 2 X SSC 
and washed in Tris-buffered saline fo r 5 min. Blocking solution (Amersham) 
was applied for 1 h, rinsed in Tris-buflcr~d saline fo r 1 min, and the slides were 
drained and dried . Antibodies to fluorescein were dilu ted I: I 000 in 0.5% 
bovine serum albumin in Tris-buffered saline. Sections were covered with 
100 J..ll of antibody solution and incubated for 1 h. Slides were washed three 
times in Tris-buffered sa line, fo llowed by washing in detection buffer (100 mM 
T!is-HCI, pH 9.5, 100 mM NaCI, 50 mM MgCJ2) fo r 5 min. NBT (45 J..ll) 
and DCIP (35 ~LI) were added to 10 ml of detection buffer, and 500 J..ll of this 
solu tion were added to each section and incubated in the dark fo r 4-24 h. 
After color development, the slides were rinsed t:\vice in distill ed wa ter. 
Coversli ps were app lied and sections viewed by light microscopy. 
R ES U LTS 
Growth factors affect matrigel penetration ofHPV 16-inunor-
talized keratinocytes W hen seeded o n a matrix containing o nly 
M atrigel, ptimary, HPV- negarive keratinocytes did no t invade the 
m embrane, w hereas HPV '16-i mmorta li zed kerati nocytes invaded the 
M atrige l m embrane and covered 42% of the grid points. Additio n of 
bFGF, TGF-a, and H GF/ SF to the M anigel resulted in statistically 
signifi cant in creases in penetratio n of the H PV 16-immo rtali zed 
keratinocytes w hen compared with untrea ted conn:o ls (from an average 
of th ree expetiments, 40')1,, baseline penetratio n was increased to 52%, 
p = 0.008; 62%, p = 0.001; and 56%, p = 0.02, respectively). In 
conn·ast, primaty HPV- negative keratinocytes that were not invasive 
in this m odel, were not affected by any of these growth facto rs. 
Incorporation of TGF-P o r PD GF-B into the Matrigel resu lted in 
stati sti cally signifi ca nt decreases in penetratio n of HPV 16-immortalized 
keratinocytes whe n compared with untrea ted controls (from an average 
of three expe timents, 40% basd.i ne penetration was decreased to 28%, 
p = 0 .02, and 33%, p = 0 .05, respectively) , also w ith no efl:ect o n 
the primaty, HPV- negative keratinocytes. The concentratio n of growth 
£1ctor th at resul ted in th e greatest stimulation or inhibition of penetra-
tion was used in :ill subsequent assays (bFGF, l 0 ng per mJ; TGF-a, 
l ng per ml; H GF/ SF, 5 ng per ml; TGF-p , 10 ng per nll ; PDGF-B, 
50 ng per ntl) . 
To determine how growth fac to r-induced stimulatio n or inhibi tion 
of proliferatio n might have i.nRuenced the above resul ts, we determined 
the effects of bFGF and TGF-P o n keratinocyte proliferation. These 
two growth £1ctors were selected because w ith S1 nuclease protection 
ana.l ysis (see below) they were differentia ll y expressed by no rmal and 
tumor-associated fibro blasts. In experiments measuring the effect of 
bFGF o n keratinocyte pro.l.iferatio n for both the 24 h and the 48 h 
time points, the number of ce lls !o,'TOWn in KGM with 10 ng bFGF 
pe r ml increased from 5 to IS% in c!iifen:nt experiments, an in crease 
that was no t stati stically significa nt w hen compared with the increase 
in cells grown in K G M alo ne . To account for the sligh t increase in 
prolife ratio n , however, the result of each penetration assay in the 
presence of bFGF was adj usted downward by the percentage increase 
in the correspo nding prolife ration assay for that expetimen t. In contrast, 
in expeti m ents measuring the efl:-ect ofTG F-P o n keratinocyte proli fera-
tion, there was a significant reduction (35-50%) in proliferation of 
cells incubated in KGM with 10 ng TGF-P per nll w hen compared 
wi th kera tinocytes incubated in KGM alone (p = 0 .001) . T he results 
o f the penetration assays performed in the presence of TGF-P were 
adjusted upward by the percentage decrease in the corresponding 
p roli fera tio n assay. Overall , however, adjusb11ent for changes in prolif-
eration rates in the presence of th e growth factors had m inima] impact 
on the results of the penetrati o n assays. 
CM fr01n turnor-associated fibroblasts stimulate penetration of 
HPV 16-immortalized keratinocytes through matrigel artificial 
basentent tnembran es whereas CM frotn pritnary, HPV- nega-
tive keratinocytes inhibit penetration of HPV 16-immortalized 
keratinocytes To determine the effect of CM fi:om fibroblasts or 
keratinocytes o n penetration of primaty HPV- negative and HPV 
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Figure 1. CM from tumor-associated ftbrob lasts stitnulate penetration 
of HPV 16-immortalized keratinocytes through Matrigel artific ial 
basement membranes whereas CM front primary, HPV-negative 
keratinocytes inhibit penetration of HPV 16-immortalized 
keratinocytes . Experiments were performed by growing the primary and the 
H PV 16-immorta lized cells in petri dishes to near-conAuence and then seeding 
2 X I 05 cells onto Mau~gel membranes. Penetration was measured as described 
in Materials aud Mct/10ds. * indica tes significant differences as compared with 
untreated control. Laue ·1, HPV 16-immortali zed keratinocytes without C M ; 
laue 2, HPV 16- immorta lized kerarinocy tes with CM fi·01n norma l fibrobl asts 
(p = 0.5); laue 3, HPV '16- immorta lized keratinocytes with C M from tumor-
associated fibroblasts (p = 0.0 '1); laue 4, HPV l 6-immortali zed keratinocytes 
with C M fro m primary, HPV negative keratinocytes (p = 0.00 1). Error bnrs, 
SD (n = 4). 
16-immortalized keratinocytes, C M from confluent plates of either 
norma] or tum or-associated fibroblasts were added to the Mat1igel. 
Incl usion of C M fi:om normal fibroblasts into the Matrigel resulted in 
a sLight reducti on of penetration ofHPV 16-inunortalized keratin ocytes 
(Fig 1); however, statistically signifi cant stimulation of penetration of 
HPV- 16 transfo rmed keratinocytes was seen with Matrigel contain ing 
M derived from tumor-associated fibroblasts (p = 0.01) (Fig 1) . 
Data from two sets of matching ftbroblasts at several different passages 
gave similar results but data fi~om o n1y one set and one passage 
are shown. Separate expe1·iments using 1 X 105 fibrob lasts directly 
incorporated into th e Matrigel showed similar results (data not shown). 
Primary, HPV- negati vc keratinocytes were not invasive with CM from 
either normal or tumor-associated Fibroblasts (data not shown). 
Incorporation of CM from primary, untransfected keratinocytes in 
the M an; gel resulted in statistically signifi cant inhibition of penetration 
of HPV 16-immortaJi zed keratinocytes to ·1% (p = 0.001) (Fig 1). 
No change in penen-ation of either prima1y o r H PV 16-immortalized 
keratinocytes was detected when C M fro m HPV 16-immortalized 
keratinocytes were incorporated in th e Matrigel. 
Norn'lal and tumor-associated fibroblasts express TGF-~ and 
bFGF mRNA mRNA fi·omnormal and tum or-associated fibroblasts 
was isolated and Sl analysis of equival ent am ounts (500 ng) of mRNA 
using single-stranded D N A probes to bFGF, TGF-a , HGF, TGF-~ . 
PDGF- A, o r PDGF-B was perfom1 ed. Comparison of expression of 
growth fac to r mRNA isobted from the Fibroblasts revealed that TGF-
~ ntRNA ex--pression was in creased in norma1 fibrob lasts whereas 
bFGF mRNA express ion was decreased when compared with tumor-
associated fibroblasts (Fig 2) . . A band was visible using th e TGF-~ 
anti -sense probe in th e normal fibroblas t~ lane, but not that of the 
tumor-associated fibroblasts. A band was visible using the bFGF anti-
sert~e probe in the tumor-associated fibroblasts lane, but not iJl the 
norma1 ftbwbl asts lan e. T hese bands were consistent with their expected 
si ze of Bl and 84 nucleotides, respectively. As co ntro ls, sense probes 
to bFGF and TGF-~ were also used to analyze mRNA expression and 
no signa] was seen. Expression o fTG I~-a, HGF, PDG F- A, and PDGF-
B mRN A was comparable in the two cell li nes (data not shown) . 
Higher levels of bFGF are expressed by fibroblasts derived 
fron'l t umor tissue and HPV-transfor1ned keratinocytes, whereas 
200-
100-
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Figure 2. Normal and tumor-associated fibroblasts express TGF-~ and 
bFGF mRNA . mR.NA from normal and nuno r-associated fibroblasts was 
isolated and Sl analysis of equivalent amounts (500 ng) of mRNA using single-
stranded DNA probes to bFGF and TG F-~ was pe1formcd as described in 
Mntetials ami Methods. Lane 1, nucleo tide mnkers; /nne 2, nonna l fibroblast 
mRNA probed with TGF-~; /nne 3, normal fib roblast mRNA probed with 
bFGF; /nne 4, tumor-associated fibroblast mRNA probed with TGF-~ ; /nne 5, 
tumor-associated tibroblast mRNA probed with bFG F ---7 indicate TGF- P and 
bFG F bands in nom1al and tumor-associated fib roblasts, respectively. 
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Figure 3. Higbcr levels of bFGF arc expressed by fibroblasts derived 
from tmnor tissncs and HPV-transfonned keratinocytcs, whereas higher 
levels of TGF-~ arc secreted by pritnary kcratinocytcs. To measure 
expression of TGF- P and bFGF at the protein level, we performed ELISA 
assays of C M fi·om an equa l num ber o f cells of f1broblast and keratinocy te lines 
as described in Mnterials and Methods. ELISA measurement o f (n) T G F-P and 
(b) bFG F expressed by cell lines. (a) Lane 1, normal fibroblasts; /nne 2, tumor-
associated fibroblasts; lane 3, primary, HPV-negativc kcratinocytes; /nne 4, HPV 
16- immortalizcd keratinocytes. (b) Lane 1, normal fibroblasts; /nne 2, tumor-
associated fibroblasts; /nne 3, primary, HPV- negativc keratinocytes; lt1ne 4, 1-!PV 
16- immorta lized keratinocytes . Envr bnrs, SD (n = 3) . 
higher levels ofTGF-~ are secreted by primary keratinocytes 
To measure expression of TGF-~ and bFGF at the protein level, we 
performed ELISA ofTGF-~ and bFGF in C M from an equal number 
of cells of the fibrob last and keratinocyte lines. Comparison of protein 
expression between the fibroblast li nes revealed that the level of TGF-
~ was 0.5 pg per 104 cells in normal fibroblasts and 0.14 pg per 104 
cells in tum.or-associated fibrobl asts (Fig 3a), with levels of 4.0 pg per 
104 cells in primary keratinocytes and 0.7 pg per 104 cells in 1-:IPV 16-
immortalized keratinocytes, respectively (Fig 3a). bFGF levels were 
32 pg per 104 ceUs in normal fibroblasts and 89 pg per 104 cells in 
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fibrobbsts derived from tumo r tissue (Fig 3/J). T he bFGF protein level 
was 8 pg per 104 cells in normal kera tin ocytes and 97 pg per 104 cells 
in HPV 16-immortalized keratinocytes (Fig 3/J). T hese data suggest 
that higher levels of factors stimu lating invasion were e:\.'"]Jressed 
by fibroblasts derived from tumor-associated fibroblasts and H PV-
transformed keratinocytes, whereas higher levels of factors inhibiting 
invasion were secreted by primary kerati nocytes. 
Inhibitory effects of primary keratinocytes are n-.ediated by 
TGF-P and stimulatory effects of the tumor-associated 
fibroblasts are mediated by bFGF Based o n results of the experi-
ments using TGF-P and bFGF, the S1 nu clease assays, ;md ELISA, we 
sought to detet111ine if the effects of CM fi:om the nonnal and tumor-
associated fi broblasts could be blocked by addition of antibodies to 
TGF-P and bFGF, respectively. Antibodies to TGF-P (5 f..lg per ml) 
or bFGF (5 jlg per ml) were added to both the Matrigel and the C M 
f:J-om the fibroblasts. In these experiments , the inhi bitory effect of 
normal fibroblast and primary keratin ocyte CM on penetration of the 
HPV 16-immortali zed kerati nocytes was at least partia lly abrogated by 
additio n of antibodies to TGF-~. Addition of the primary keratiuocyte 
CM sign ifi cantly reduced penetration fi:om a baseline of 17% to 2% 
(p = 0.003), and the addition of anti -TGF-P antibodies to the primary 
keratinocyte C M signi fi ca ntly in creased penetratio n to 64% (p < 0.001) 
(Fig 4a). Additio n of no rm al fi broblast CM resul ted in a reduction of 
penetration that was not statistically signif1cant (p = 0.13) . Further, 
additi on of antibodies to TGF-P to the CM resul ted in a redu ction 
of penetration, but less so than in the absence of the antibodies 
(p = 0.23) (Fig 4/J). Conversely, the stim.ula tory effect of C M from 
tmnor-associated fibroblasts was abrogated by addi tio n of antibodies to 
bFGF. Additi on of C M fi·om tumor-associated fibroblasts to the 
Matrigel resulted in a stati stically significant increase in penetration 
fro m a baselin e of 32% to 79%, (p = 0.009), and the addition of anti-
bFGP antibodies to th e C M significantly reduced p enetratio n fi:om 
32% to 13% (p = 0.002) (Fig 4c). These resul t~ confi rmed th at tl1e 
inhibito1y effects of the primaty keratinocytes, and to a lesser extent 
the normal fibroblasts, were m ediated by TGF- P and many of tl1 e 
stimulatory efiects of the tumor-associated fibrobl asts were mediated 
by bFGF. Data fi·orn another se t of matching fibroblasts (normal and 
tumo r-associated) gave simil:u: results (data not shown). 
bFGF mRNA is expressed in stromal tissue surrounding the 
invading nests of cancer cells To determ ine if expression ofbFGF 
it·1 lliliO corre lated with iH vitro results, we used m.RNA iu situ 
hybridization to characterize mRNA expression of bFGF in cervical 
ca ncer biopsies o btained fi:om five difie rent patients. With anti-sense 
oligon ucleotide probes, cytoplasmic expression of bFG F mRNA was 
detected in stromal tissue surrounding the in vading nests of cancer 
cells in aU five cases (Fig Sa ). Altho ugh a weak signal was occasionaiJy 
seen at the advancing edge of the tu mor and in the normal epithelium 
(Fig S/1), th e signal was strongest in stromal ce lls surrounding the 
invasive nests of cancer cells. N o expressio n of bFG F was detected 
with the sense probes (data not shown). 
DISC USSION 
Carcinoge nesis is a mul tistep process, in w hi ch a series o f events occur 
(Vogelstein and Kinz.ler, 1993) . Using colon cancer as a m.odel, Fearon 
et nl demo nstrated that tumorigenesis may result from an accumubtio n 
of chromosomal muta tions, and that additional mu tations are requ.ired 
for beni gn lesions to progress to the next highest level of precancerous 
disease and fmaLi y in vasive cancer (Fearon and Vogelstein , 1990) . T h.is 
model of carcin ogenesis has not yet been proved fo r HPV-associated 
disease and the mechanisms by w hich HPV-associated HSIL progress 
to invasive cancer a1:e unknown. 
Several ea rlier studies in oth er tumor models have suggested an 
impo rtant role for epithel ial-stromal interactio ns in modulating the 
invasive behavior of keratinocytes. To explore epithelial-stromal 
interactio ns in th e path ogenesis of 1-IPV-associated cervical cancer 
i11 vittv, w e used th e Matrigel artificial basement membrane assay. Using 
this assay, we studied the effec ts of selec ted growth fuc to rs and C M · 
from different fibroblast and keratin ocyte cell Lin es on penetration of 
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Figure 4. Inhibitory effects of primary keratinocytes are mediated by 
TGF-~ and stimulatory effects of the tumor-associated fibroblasts are 
m ediated by bFGF. The dlects of CM of the fibroblasts and keratinocytes were 
blocked by :~d dition of antibodies to TGF-~ (5 pg per ml) and bFGF (5 pg per 
ml) as described in lvlatclials a11d Me1 /wds. * indicat~s significant dif:l.erences as 
colllpared with untrea ted control. The number of cells reported as having 
penetrated was adjusted by the di frc rcnce in percentage proliferation noted in the 
presence or absence of the growth f.1ctor as described in MMcrials m~d MC'l l10rfs. 
Penetration of HPV 16-immorralized ker:rtinocyres in the presence of (11 and b) 
antibodies to TGF-~ and (c) ami bodies to bFGF (a) Colllltllt ·1, H PV \E-
imnrortalized keratinocyres without M; rol1111111 2, HPV :1 6-immortalized 
keratinocytes with prima•-y kcro tinocyte CM (KCM; p = 0.003); co/1111111 3, HPV 
1 6- immorto li zed keratinocytes with anti-TG F-~ antibodies (5 ~g per ml) and 
keratinocyte CM (p < 0.001). (b) Colr 11t11 1 1, HPV 16-inunorra li zed kera t.inocytes 
without CM; co l1111111 2 , 1-J PV 16-immortalized keratinocytes with normal 
fibroblast CM (FCM; p = 0. 13): co /1111111 3, I-IPV 16-immortali zed keratinocytes 
with anti -TGF-~ antibodies (5 ~lg per nrl) and normal fibroblast CM ( p = 0.23). 
(c) Co/11 11111 ·1, HPV 16-immorralized kcratinocytes without CM: co/1111111 2, H PV 
·16-immortalized keratinocytes with rumor-associated fibroblast M (TA-FCM; 
p = 0.009); co l1111111 3, HPV 16-immortalizcd kcratinocytes with anti -bFGF 
antibodi es (5 pg per rn.l) and tumor-associated fibroblast M {p = 0.002). Ermr 
bars, D (n == 4). 
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Figure 5. bFGF mRNA is expressed in stromal tissue surrounding the 
invading nests of cancer ceUs. mR.NA i11 sit11 hybridizati on with sense (T3/ 
Cia ! ) and anti-sense (T7/EcoR1) probes of bFGF was performed in poraffin 
sec tions of cervical cancer biopsies as described in Materials and Methods. 
Messenger RNA ill si111 hybridizotion of cervical ca nce r biopsy tissue (a) invading 
nests; (b) norma l ep ithelium. (a) Expression of bFGF mRNA was detected in 
the cytophsm of stromal tissue cel.ls (~) surro unding the in vading nests of 
keratinocytes (arm111hcad); (b) weak expressio n of bFGF mR.NA in the normal 
epithelium (~) - Scale bars, 10 j.lm. 
primary and HPV 16-immortalized keratinocytes. We also sought to 
determine the in lJivo releva nce of our findings by characterizing 
expression of one of these growth factors, bFG F, in cervical ca ncer 
ti ssues. 
O ur studi es revealed that TGF-~ inhibited penetration of the 
M atJigel by the HPV 16-immortalized keratinocytes, as did CM fi:om 
primary keratin ocytes. In experim ents m easuring the effect of TGF-~ 
on HPV 16-immortalized keratinocyte proliferati on, we observed a 
decrease in the rate of proli feration when keratinocytes were incubated 
in TGF-~. Adj ustment for changes in proliferation rates in the presence 
of TG F-~ , however, had minimal impact on the results of the 
penetration assay. Moreover, the decreased TGF-~-mediated prolifera-
tion of HPV 16-i mmortalized keratin ocytes probably does not accoun t 
for the observed decrease in penetration because th e addition of anti-
TGF-~ antibodies to primary keratinocyte CM abrogated th e TGF-
~-med i a ted inhibiti on of penetration of HPV 16-immortalized ker-
atinocytes. AJJ experiments, with o r w ithout TGF-~ , were concluded 
at a time point earlier tban the ce!J doubling time. 
Ea rli er studies showed that I-IPV-immortalized cells remained sensit-
ive to TGF-~-medi a ted growth inhibiti on whereas tumorigenic lin es 
(e.g., H ela, CaSki) were unaffected by TGF-~ (Braun ct a/, 1990). 
T hese findings are consistent with our data beca use our HPV 16-
immortalized keratin ocytes are not fully tumorigenic in nude mi ce 
(Tumer and Palefsky, 1995). 
In con(rast to our findin gs with TGF-~ , bFGF stimulated penetration 
of the M atrigel by the HPV 16-immortali zed keratin ocytes, as did C M 
from tumor-associated fibrobbsts. N otably, bFGF did not stimulate 
ptimary keratin ocyte penetration, indi c;Jting that .HPV 16-indu ced 
transfom1ation and repeated passage :in cell cultu re resulted in in creased 
sensitivity to this growth factor. T he mechanisms of this increased 
sensitiviry are un known . In experiments measuring the effect of bFGF 
on keratin ocyte pro li fera ti on, we fo und no significa nt increase in 
proliferation and our data indi ca te that the increased invasion observed 
in the presence of bFGF was not du e to a stimulation in proliferation. 
Additionally, all bFGF experiments were concluded at a time point 
earlier than the ce ll doubling time. 
O ur studi es sugges t that the stimula tory effects of tumor-associated 
fibroblast CM were in part mediated by bFGF because the addition 
of anti -bFGF antibodies to tumor-associated fibroblast C M blocked 
stU1lulation of penetration. D emonstration of bFG F express ion in 
stromal cells surrounding in vadin g keratinocytes in cervical can cer 
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tissues suggests that similar interactions may be occming in 1ivo . T he 
role of bFG F expressed by the tumor cells th emselves is not clear. 
ELISA data fi·om HPV 16-immortalized keratinocytes in tissue cul ture 
showed higher levels of bFGF expression than primary keratinocytes. 
T he levels of bFGF mRNA in tum.or cells, however, were not 
substantially different fi·om the normal epithelium and were lower than 
those of surrounding stromal cells when examin ed by mRNA ill situ 
hybridization ;, 1i1JO in cervical cancer bi opsies. Some of the differences 
between these results may be attributed to changes occuring in ti ssue 
culture and some may be du e to inherent biologic differences between 
the tissue culture cells and the tumor cells in the biopsy. 
Our data on expression of bFGF must be interpreted with care 
beca use detection of bFGF mR.NA or intracellular protein does not 
necessarily indicate that fun ctional bFGF protein is being secreted by 
these cells or that the protein is binding to and effecting changes in 
keratinocyte behavior. Whereas bFGF is known to act extra.cellularly, 
it lacks a consensus signal sequence and is not secreted through the 
classical endoplasmic reticulum-golgi secre toLy pathway. Until recently, 
no defi ned mechanism for bFGF secretion had been characterized 
oth er than release from dead or injured cells; however, Mignatti et a/ 
demonstrated that bFGF ca n be released by exocytosis and that bFGF 
is secreted by viable cells and mediates cell fun ction throu gh autocrine/ 
paracrine mechanisms (Kandel et a/, '1991.; Mignatti et a/, 1991, 1992). 
Inhibitory roles for TGF-~ and stimulatory roles for bFGF have 
been demonstrated in other cancer li nes. In a study to determine the 
relationship between TGF-~ and bFGF in breast cancer (Lai eta/, 1995), 
breast cyst fluid was shown to have significantly higher concentrations of 
TGF-~ in groups with lower risks of breast cancer. Valverius ct a/ 
demonstrated that bFGF and to a lesser degree acidic fibroblast growth 
£1ctor found in mammary fibroblast CM caused anchorage independent 
growth of human mammaty epithelial cells (Valverius et al, 1990). Oral 
cancer cells express high levels of endogenous bFGF in tissue culture 
and may contribute to ca ncer cell growth (Myoken eta/, 1994). 
T he distinct behavior of fibrobhst cell lines from non11al and 
cancerous portions of cervical biopsy ti ssues and the persistence of 
their uniqu e phenorypes in tissu e cultu re was ofinterest. We hypothesize 
that these cells were different biologica lly in IJilJo, e.g., expressing 
different levels of growth factor receptors due to their uniqu e tissue 
microenvi ronments, and that some of these differences itt 11 itro persisted 
du e to positive selection in tissu e culture. 
The role of stromal cells must be considered when constructing a 
model of the pathogenesis of HPV-associated cervical cancer. In this 
model, the inhibition of in vasion by TGF-~ and the stimulation of 
invasion by bFGF may be physiologic phenomena in which the effects 
of these growth £1c tors are normally well bahnced. Infection of 
keratinocytes with HPV16, however, may result in several phenotypic 
changes in cluding diminished sensitiviry to the inhibit01y effects of 
TGF-~ · as well as in creased bFGF expression. Changes in growth factor 
expression by stromal cells in the local n'li croenvironment, possibly 
due to th e effects of the HPV 16-infected keratinocytes, may in turn 
n1.odulate the behavior of sensitized keratu1ocytes in a paracrine loop. 
T he net effect is a chan ge in the balance towa rd factors stim ulating 
epithelial mobility and ability to invade the basement membrane and 
possibl y cell growth and movement through the stroma. If correct, 
this model suggests that efforts to block these epithelial-stromal 
interactions may p rovide additional therapeuti c approaches to pre-
ventin g development of cancer or slowing progression of an estab-
lished cancer. 
l~le are grallf lll to D~: Karen Smit/1 -McCIIne for helpj11l suggestio11s a11d discussiom. 
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